Hubs are highly connected proteins in a protein-protein interaction network. Previous work has implicated disordered domains and high surface charge as the properties significant in the ability of hubs to bind multiple proteins. While conformational flexibility of disordered domains plays an important role in the binding ability of large hubs, high surface charge is the dominant property in small hubs. In this study, we further investigate the role of the high surface charge in the binding ability of small hubs in the absence of disordered domains. Using multipole expansion, we find that the charges are highly distributed over the hub surfaces. Residue enrichment studies show that the charged residues in hubs are more prevalent on the exposed surface, with the exception of Arg, which is predominantly found at the interface, as compared to non-hubs. This suggests that the charged residues act primarily from the exposed surface rather than the interface to affect the binding ability of small hubs. They do this through (i) enhanced intra-molecular electrostatic interactions to lower the desolvation penalty, (ii) indirect long -range intermolecular interactions with charged residues on the partner proteins for better complementarity and electrostatic steering, and (iii) increased solubility for enhanced diffusion-controlled rate of binding. Along with Arg, we also find a high prevalence of polar residues Tyr, Gln and His and the hydrophobic residue Met at the interfaces of hubs, all of which have the ability to form multiple types of interactions, indicating that the interfaces of hubs are optimized to participate in multiple interactions.
Hubs are important proteins in protein-protein interaction networks given their ability to bind multiple partners. Their binding promiscuity has been attributed to the presence of disordered domains and highly charged surfaces 1 . Conformational flexibility from disordered domains is seen as the major contributor to the binding ability of large hubs (average length greater than 300 residues), while high surface charge is the predominant factor affecting the binding ability in small hubs 1 . Examples of such small hubs include Ubiquitin and Ferredoxin, which bind several proteins and have highly charged surfaces but no known disordered domains.
Previous studies on hubs have concentrated on large hubs with disordered regions [1] [2] [3] . Here, we focus on the small hubs (average length of 231 residues) without known disordered regions and extend our previous work to identify the role of charged residues in their binding promiscuity. Though the presence of high surface charges is known to promote binding promiscuity in small hubs, its reason is not yet clear. For instance, it is not known whether these charges have a specific distribution on the surface of the small hubs that allows them to bind multiple proteins, or if the charges are concentrated either at the binding interfaces or on the exposed surface or both, and how different these characteristics are in hubs as compared to non-hubs.
Charged residues on protein surfaces have been known to contribute to binding through either long-range or shortrange electrostatic interactions with residues on the partner proteins 4 . Along with polar residues, they are also known to contribute to binding specificity and complex stabilization 5 , and have been recognized as hotspots on protein interfaces 6, 7 . Charged residues are also more commonly found at the binding interfaces of proteins participating in transient interactions 8 . Given these properties of charged residues, we attempt to find out more about their role on the surfaces of small hubs.
In this study, we first find the distribution of charges on hub surfaces by mapping the surface electrostatic potential onto a sphere and performing multipole expansion to identify the dominant multipole moments. We calculate the relative enrichment of conserved residues, at the interface and on the exposed surface, of small hubs as compared to those in the entire proteins, to find the region where the charged residues are more prevalent. We also study the hydropathy of the interfaces and exposed surfaces of small hubs. We then compare the above characteristics of hubs with those of non-hubs. Using these analyses, we try to elucidate the role of charged surface residues in the binding ability of small hubs in the absence of disordered regions. There may be other factors that differentiate hubs from non-hubs, such as, their molecular function, levels of expression and degradation, and cellular localization. However, we limit our study to the structural features of hubs and non-hubs.
Materials and methods

Data set
We used the data set of hubs and non-hubs with structures in Protein Data Bank (PDB) 9 identified in Patil and Nakamura 1 as our base. The interactions were taken from the protein-protein interactions database, IntAct 10 . Interactions from high-throughput datasets were filtered to remove false positives 11 . For the purposes of this study, hubs were defined as proteins with 5 or more known interactions, while non-hubs were those with only 1 known interaction. We selected 50 hubs and 131 non-hubs, which satisfy the following criteria:
• protein has 10 or less disordered residues i.e. residues with missing electron density or missing structure in PDB, • surface electrostatic potential of the protein was available through eF-site 12 . Of these, 35 hubs and 27 non-hubs had at least one complex structure with another protein. The selected set of 35 hubs had an average length of 231 residues and the set of 27 nonhubs had an average length of 273.
Multipole expansion of surface electrostatic potential
The multipole expansion of surface electrostatic potential was calculated for 50 hubs and 131 non-hubs. For each protein, the surface electrostatic potential was obtained from eF-site 12 as the potential at several points on the surface of the protein. This potential was then mapped onto a sphere of radius equal to the radius of gyration of the protein. Thus, for every point (x, y, z) on a protein with surface potential V, we calculated the spherical coordinates (R, θ, φ). Then, for each point (R 0 , θ, φ), where R 0 is the radius of gyration of the protein plus 1.5 Å, we set the surface potential of the point to V. This gave us a sphere of radius R 0 mapped with the surface potential of the protein at all θ and φ. Using this sphere with the representative surface potential, we performed the multipole expansion and calculated the first 4 poles (monopole, dipole, quadrupole, octupole) on the surface of the sphere at 60 points which were randomly selected from all possible points on the sphere. The multipole expansion at any point (R 0 , θ, φ), was performed as follows:
, R 0j , R 0k = vectors of magnitude R 0 , from the centre of the sphere to the points i, j and k on the sphere. The spherical harmonics, Y l (θ, φ)/ are given by,
where = associated Legendre function, V i (R 0 ) = surface potential at point i, (R 0 , θ, φ), on the sphere, ∆S i = surface area of a triangular region on the sphere surface centered at i, ∆S i = total surface area of the sphere. n = total number of points on the sphere as extrapolated from eF-site
We calculated the magnitude of the dipole contribution by adding the squares of the dipole moments, Y l (θ, φ)/ , calculated at 60 random points on the sphere and then taking its square root. The quadrupole and octupole tensors were calculated in a similar manner. In order to check the validity of our method, we predicted the actual potential at each point on the surface of the sphere as the sum of the monopole, dipole, quadrupole and octupole tensors at that point and manually compared it with that on the original sphere. The number of positive charges on the surfaces of hubs and non-hubs, shown in Supplementary Tables S1 and S2, were calculated as the sum of the residues, Arg and Lys. The number of negative surface charges was calculated as the sum of Asp and Glu residues.
Conserved interface and exposed surface residues
An interface residue was identified as a residue on a chain with at least one atom at a distance of 3 Å or less from an atom of another residue on another chain. Exposed surface residues were those that were not interface residues and were identified by DSSP 13 as surface residues with a solvent accessible surface area greater than 60 Å 2 . Conserved interface and exposed surface residues were those that had a conservation score of less than -0.5 as determined by Consurf-HSSP 14 . The correlation of the enrichment of conserved interface residues with the experimentally determined interface hotspot residues was calculated using the Pearson's correlation coefficient, r. A t-test with 49 degrees of freedom (for a sample size of 51 proteins) was used to determine the statistical significance, or p-value, of the correlation coefficient.
Enrichment of residues
The enrichment of conserved interface residues for 31 of 35 hubs and 20 of 27 non-hubs was calculated as:
Conserved interface residue enrichment where Nci(int) = number of conserved residues of type i at the interfaces of all proteins, Nc(int) = total number of conserved residues at the interfaces of all proteins, Ni(tot) = number of residues of type i in all proteins, N(tot) = total number of residues in all proteins. The conserved exposed residue enrichment was calculated in a similar manner over all conserved exposed residues.
Hydropathy
The average hydropathy of the interfaces of 35 hubs and 27 non-hubs was calculated as: Hydropathy = Hi * propensity of residue i at interfaces
where Hi = hydropathy of residue i in the Kyte-Doolittle hydropathy index 15 , Ni(int) = number of residues of type i at the interfaces of all proteins, N(int) = total number of residues at the interfaces of all proteins. The hydropathy of the exposed surfaces of hubs and nonhubs was calculated in a similar manner using the residue propensity over all exposed residues. Hydropathy was calculated for all residues and not just conserved ones to take into account the entire protein surface. 95% confidence intervals were calculated for the mean hydropathy values at a significance of 0.05.
Results
Higher surface charge in hubs is known to affect their binding ability resulting in promiscuity 1 . We study the distribution of the charged residues on the surfaces of 50 hubs and 131 non-hubs. Of these, we use 35 hubs and 27 nonhubs (Supplementary Tables S1 and S2 ) to identify the role of charged residues on the surfaces of hubs (see Methods). For the purposes of this study, we define a hub as a protein with 5 or more known interactions, and a non-hub as a protein with 1 known interaction.
Charge distribution on hub surfaces
In order to determine the distribution of charges on the surfaces of hubs as compared to non-hubs, we performed multipole expansion of the surface electrostatic potential on 50 hubs and 131 non-hubs. As indicated in the Methods section, we calculated the monopole, dipole, quadrupole and octupole moments of the surface electrostatic potential of the sphere using multipole expansion. To validate our calculations, we predicted the electrostatic potential on the surface of the sphere using the values of the multipole moments obtained and checked this prediction against the actual values on the protein surface. Figure 1 shows the surface electrostatic potential of the protein, the potential mapped onto a sphere, the calculated multipole moments and the predicted surface potential from the multipole moments, for two proteins -Ubiquitin and Ubiquitin-like SMT3 precursor. It can be seen that predicted surface electrostatic potential roughly follows the trends of the actual potential, though sharp changes in the potential are lost. The values for individual multipole moments, for some of the hubs and non-hubs, are shown in Supplementary Tables S1 and S2. Figure 2 shows the percentage of 50 hubs and 131 nonhubs with a dominant dipole, quadrupole and octupole moments. The combination of quadrupole and octupole moments is dominant in 64% of hubs and 63% non-hubs. Thus, on average, small hubs and non-hubs show a domi-= propensity of conserved residue i at interfaces propensity of conserved residue i in proteins
nant quadrupolar or octupolar nature in their surface charge distribution. However, we do not find any significant difference in the distribution of charges on the surfaces of hubs and non-hubs. A comparison of the monopole moments of hubs and non-hubs shows that 51.43% hubs have a positive monopole moment as compared to 40.74% non-hubs, indicating a net positive charge on the hub surface. The dominance of quadrupolar or octupolar moments in hubs can be interpreted by understanding the physical manifestation of each moment in the multipole expansion. The monopole moment corresponds to the net charge on the surface of the protein while the dipole moment corresponds to the average position of the positive and negative charges along each co-ordinate axis. The quadrupole and octupole moments represent the spread of charge from the co-ordinate axes. Thus a dominant quadrupolar or octupolar nature corresponds to a greater spread of charge over the surface of the sphere, and hence the surface of the protein. This suggests that the charged residues on the surfaces of hubs are well distributed over the surface. Since the surface charges are implicated in promiscuous binding of hubs 1 and they are spread out over the surface, it leads to two possible roles for the charged residues: (i) the charged residues act directly through shortrange electrostatic interactions with the residues of the part- ner proteins through several different interfaces distributed over the surface of the hub to bind multiple partners, or (ii) the charged surface residues participate in long-range electrostatic interactions, from the exposed surface, with the residues of the partner proteins in the form of electrostatic steering 4 , while using only a few specific interfaces for binding. In the following sections, we examine which of these roles is predominantly observed in small hubs.
Residue enrichment on hub surfaces
In order to determine if the charged residues on hub surfaces act, primarily, through multiple interfaces or through the exposed surface (non-interface), we studied the enrichment of conserved interface and exposed surface residues in hubs with respect to its total residue propensity. We looked for the conserved residues on the surface because we wanted to identify those that were important to protein function. We were able to identify conserved interface and exposed surface residues for 31 hubs and 20 non-hubs (Supplementary  Tables S1 and S2) . Table 1 and Figure 3 give the enrichment of the conserved residues at the interface and exposed surface of hubs and non-hubs. We also checked the correlation of the enrichment of conserved interface residues in all 51 proteins (31 hubs and 20 non-hubs) with the interface hotspots identified by Bogan and Thorn 6 . Our data correlates reasonably well with the experimentally determined hotspots at r = 0.60 (t = 5.27, p = 0.001), when the outlier, Trp, is removed (Supplementary Table S3 ). The correlation coefficients for 31 hubs and 20 non-hubs with the interface hotspot data, independently, are 0.60 and 0.30 respectively. Figure 3 shows that charged residues, Asp, Glu and Lys, are more prevalent on the exposed surface than at the interface of hubs. This suggests that the charged residues on hub surfaces are more likely to participate indirectly in binding, Figure 3 Relative enrichment of conserved interface (black) and exposed surface (white) residues in (A) hubs and (B) non-hubs.
acting from the exposed surface. Arg appears to be a special case. It is the most abundant residue at the interfaces of both hubs and non-hubs. This is in agreement with previous studies which indicate Arg as the most common residue at protein interfaces 16 . However its enrichment at the interface is almost 1.5 times greater in hubs as compared to non-hubs. We also find an increased enrichment of Tyr, Gln, His and Met at the hub interface as compared to the non-hub interface. All of these have been previously identified as interface hotspot residues 6, 7 .
Hydropathy
We calculated the average hydropathy of the interfaces and exposed surfaces of 35 hubs and 27 non-hubs, using the amino acid propensity and the Kyte-Doolittle hydropathy scale 15 . Table 2 shows that both the interfaces and exposed surfaces are hydrophilic in hubs and non-hubs, as indicated by negative hydropathy values. As expected, the exposed surfaces are more hydrophilic than the interfaces. But the interfaces and exposed surfaces of hubs are more hydrophilic than those of non-hubs, further supporting the interpretation that the charges on the hub surfaces, though present at the interface, are more likely to act from the exposed surface.
Discussion
We used multipole expansion and residue enrichment studies to identify the role of the excess charged residues on the surfaces of hubs in their binding ability, as compared to non-hubs.
Electrostatics of binding
Using multipole expansion, we find that the charges are widely distributed over the surfaces of hubs. The residue enrichment results clearly imply that more charged residues are present on the exposed surfaces of hubs as compared to the interfaces. This indicates that charged residues on hub surfaces contribute to the promiscuity of hubs while primarily acting from the exposed surface. Clearly, this does not mean that hubs do not use multiple interfaces to bind their targets. But the results indicate that irrespective of the number of interfaces used, the charged residues, except Arg, are more likely to be found on the exposed surface than at the interface. For instance, in our dataset some hubs do have more than one interface, but generally do not have a very large number of interfaces spread across their surfaces. Figure 4 shows two such hubs, Ubiquitin and Ferredoxin, that have two binding sites each, using which they bind their known partners. Until recently, Ubiquitin was known to have only one binding site that it uses to bind its targets. This site is primarily hydrophobic and centered around Ile44. Several proteins were known to bind this interface somewhat differently with varying weak binding affinities 17 . A new site has now been found using which Ubiquitin binds Rabex5. This interface is slightly charged and centered around Asp58
18 . In the case of Ferredoxin, two highly charged binding sites are used to interact with Ferredoxin-NADP + reductase and sulfite reductase, respectively 19 . The charged residues on the exposed surface of a hub may increase its binding ability by sufficiently reducing the electrostatic binding free energy to make interactions with several proteins favourable. The electrostatic binding free energy of two proteins is the sum of (i) the desolvation contributions of the two proteins arising from the loss of interactions of the charged residues with the solvent at the interface, and (ii) contributions of solvent screened electrostatic interactions in the bound state between the charged residues at the interfaces of the two proteins in the form of salt bridges and hydrogen bonds. Of these, the first component is unfavourable for binding while the second one is favourable and accounts for the effect of charged residues at the interface 20 . The net effect of electrostatics at the interface is generally to destabilize protein binding due to the large desolvation penalties. However, in several cases, this desolvation penalty is reduced by favourable intra-molecular interactions amongst the surrounding charged residues of one or both the proteins 21 . Intra-molecular interactions are electrostatic interactions, exposed during binding, that take place among functional groups within the same binding partner, as opposed to inter-molecular interactions that take place across the interfaces of two binding partners 22 . Thus, along with the charged residues at the interface, those that are present around the interface also play an important role in reducing the electrostatic binding free energy thus promoting binding 21 . Charged residues on the exposed surface are also known to make significant contributions to binding through longrange electrostatic interactions 22 . These "action-at-a-distance" interactions, or electrostatic steering, act through regions of solvent and thus improve the overall complementarity of the interfaces of the interacting proteins and modulate the binding free energy to achieve an appropriate level of binding affinity 23 . Thus the charged residues on the exposed surface of a hub can increase its binding ability considerably, through enhanced intra-molecular interactions and long-range inter-molecular electrostatic interactions, without participating in direct contact with the interfaces of the partner proteins.
Hydropathy results show that the interfaces of hubs are more hydrophilic than those of non-hubs. Along with the results of enrichment in Figure 3 , this indicates that even though the charged residues on hub surfaces predominantly act from the exposed surfaces, they are more enriched at the hub interfaces as compared to non-hubs. Thus, the interfaces of hubs have some charged residues that participate in direct binding. But the bulk of the charged residues are present on the exposed surface. An example of this is the hub Ferredoxin, which has two highly charged interfaces along with a very charged exposed surface ( Figure 4D , E, F).
Interface flexibility and charge
The high prevalence of Arg at the hub interface provides a lot of binding flexibility to the hub. Arg forms multiple types of favourable interactions 6 . The Arg side chain is considerably flexible, forming a good anchor residue as a result of its ability to anchor its side chain into a binding groove of an interaction partner 24 . It also allows binding across interfaces in various orientations. The dihedral angle, CG-CD-NE-CZ, of Arg varies through a spectrum of values, from -120, -60, 60, 120, to 180 degrees, in the structures in our data set (Supplementary Table S4 ). For instance, a superposition of all structures of Ubiquitin with its various interaction partners binding the interface centered at Ile44, shows the various side-chain orientations for Arg42 which also participates in binding ( Figures 5A, B) . Along with salt bridges 25 and hydrogen bonds 16 , Arg is also involved in cation-π interactions with aromatic residues 16, 26 across the interface. A cation-π interaction of Arg with Tyr in the hub, Son of Sevenless-1, is shown in Figure 5C . Arg also provides increased specificity of interaction 16 . Met is also found predominantly at hub interfaces. It is enriched in interaction hotspots, and contributes favourably to the binding free energy through reduced entropic penalty due to the lack of rotatable bonds and through hydrophobic effects 6, 7, 25 . Met, along with Arg, is a good anchor residue with a flexible side chain 24 . Tyr and His, which are enriched at hub interfaces, are known interface hotspots 6, 27 . Tyr has the ability to form multiple interactions 6 , while His has the ability to form hydrogen bonds 27 . Thus, clearly, hub inter- faces prefer residues that allow formation of multiple flexible interactions to further increase their binding ability. Gln is also enriched at hub interfaces. Though it is not an interface hotspot residue, it has been previously found to be enriched at the interfaces 7, 27 . Charged and polar residues at interfaces have been associated with transient or non-obligatory interactions 8, 28 . They are also enriched in small sized interfaces 25 . This goes well with the functional requirements of small hubs since they need to bind multiple partners during their lifetime and hence participate predominantly in transient interactions. Due the highly charged nature of their exposed surfaces, the binding affinity of the hubs participating in these transient interactions may also be greatly affected by changes in the physiological conditions in the cellular compartment (e.g. pH, temperature, concentrations of ions, chemicals and proteins) 29 . Though we have used multiple complex structures for hubs, where available, the determination of interface and exposed surface residues is limited by the absence of several complex structures for hubs with multiple interfaces. However, there is still no consensus on whether most hubs use a single interface or multiple interfaces 30, 31 , though hubs with a single interface are predominant in our data set.
The correlation coefficients of the conserved interface residues of hubs and non-hubs with those of previously determined interface hotspot residues indicate that these reflect the trend at hub interfaces only. Thus, the enrichment of residues at non-hub interfaces are not adequately represented by interface hotspot residues determined by Bogan and Thorn 6 , Hu et al. 27 and Ma et al. 7 .
Solubility
Solubility of proteins is known to be important for their functions 32 . The charged residues on the surfaces of hubs may also increase their binding ability by providing increased surface hydrophilicity and hence increased solubility. This increased solubility may significantly enhance association rates of hubs that are normally limited by rates of diffusion in the solvent 5 .
Conclusion
We show that hubs have more charged interfaces and exposed surfaces as compared to non-hubs. Using multipole expansion of electrostatic potential, we show that the combination of quadrupole and octupole moments is dominant in small hubs. This indicates that the charges on the surfaces of hubs are spread out over their surfaces. This distributed charge is predominantly found on the exposed surface and most likely increases the promiscuity of small hubs through short-range intra-molecular interactions and long-range action-at-a-distance interactions through the solvent. The interfaces of hubs are enriched in Arg, most probably due to its ability to form multiple interactions. The interfaces are also enriched in other polar residues, Try, His, Gln and the hydrophobic Met, which provide a hydrophobic effect or the ability to form multiple interactions. The absence or relative reduction of the characteristics discussed above, in nonhubs, further stresses their role in the promiscuity of hubs. Thus the charges on the exposed surfaces and at the interfaces of hubs are optimized for participation in the interactions with several other proteins. Undoubtedly, these factors must also affect the binding ability of large hubs even if they have the flexibility afforded by disordered regions, though we have limited the current study to small hubs.
